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The phosphoinositide phosphatase Sac1p controls trafficking of
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Phosphoinositide phosphatases play an essential netic evidence links Sac1p to late steps in the secretory
pathway [8, 9] and to cytoskeleton organization [10, 11].but as yet not well-understood role in lipid-based
signal transduction. Members of a subfamily of these To identify factors that are functionally related to Sac1p,
we performed a genetic screen to isolate mutants thatenzymes share a specific domain that was first
identified in the yeast Sac1 protein [1]. Sac1 display synthetic lethality in a sac1 null background. One
of these mutants was identified as a novel allele of thehomology domains were shown to exhibit 3- and
4-phosphatase activity in vitro [2, 3] and were also SLT2 gene, which encodes a MAP kinase involved in
regulating cell integrity in yeast [12]. To confirm that thefound, in addition to rat and yeast Sac1p, in yeast
Inp/Sjl proteins [4, 5] and mammalian synaptojanins synthetic interaction with sac1 was caused by a nonfunc-
tional Slt2p kinase, we created the double deletionmutant[6]. Despite the detailed in vitro characterization
of the enzymatic properties of yeast Sac1p, the exact sac1 slt2, which also displayed the same strong growth
defect (Figure 1a). The Slt2pMAP kinase plays an impor-cellular function of this protein has remained
obscure. We report here that Sac1p has a specific tant role in actin cytoskeleton organization and in cell
wall rearrangement in response to cell wall stress androle in secretion and acts as an antagonist of the
phosphatidylinositol 4-kinase Pik1p in Golgi during mitosis [12]. One important function of the Slt2p
signaling cascade is the transcriptional regulation of vari-trafficking. Elimination of Sac1p leads to excessive
forward transport of chitin synthases and thus ous genes encoding cell wall biosynthetic enzymes [13].
Therefore, one explanation for the synthetic defect incauses specific cell wall defects. Similar defects in
membrane trafficking are caused by the sac1 slt2 strains was an overlapping cellular function
of Sac1p and Slt2p in regulating cell wall construction.overexpression of PIK1. Taken together, these
findings provide strong evidence that the generation Support for a severe cell wall defect as the underlying
reason for the synthetic defect came from our observationof PtdIns(4)P is sufficient to trigger forward
transport from the Golgi to the plasma membrane that sac1 slt2 cells grew well on media containing 1 M
sorbitol (Figure 1a). Sorbitol at high concentration actsand that Sac1p is critically required for the
termination of this signal. as an osmotic stabilizer and therefore complements the
growth phenotype in a variety of cell wall mutants. To
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Examination of sac1 slt2 cells by light microscopy re-
vealed that the double mutant incubated under nonper-
missive conditions without osmotic support consisted
mainly of large-budded cells. Staining with the chitin-Results and discussion
The Sac1p phosphoinositide phosphatase is an integral specific dye Calcofluor White revealed a dramatic accu-
mulation of chitin at the bud neck region of the doublemembrane protein localized at the endoplasmic reticulum
(ER) and at the Golgi [1]. In the ER, Sac1p is involved mutant (Figure 1c), while sac1 and slt2 strains showed
delocalized deposition of chitin only at their respectivein regulating the uptake of ATP into the ER lumen [7].
The function of Sac1p in the Golgi is unknown, but ge- restrictive temperatures (Figure 1c; [10, 11, 15]). These
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Figure 1
A severe cell wall defect is the basis for the
synthetic phenotype in sac1slt2 double
mutants. (a) Cultures from a wild-type, a
sac1, and a slt2 strain and cells from the
sac1slt2 double mutant were plated on
YPD plates and on plates containing 1 M
sorbitol as osmotic stabilizer in 5-fold serial
dilutions starting with a cell density of 107
cells/ml and were incubated at 30C for 5
days. Details on the synthetic lethal screen
are summarized in the Supplementary material.
(b) Wild-type cells, slt2 cells, and sac1
cells with or without a centromeric plasmid
containing SAC1 or sac1-22, as indicated,
were plated on YPD plates and on plates
containing 0.02 mg/ml Calcofluor White in
5-fold serial dilutions starting with a cell density
of 107 cells/ml and were incubated at 25C
for 5 days. (c) sac1slt2 cells show aberrant
accumulation of chitin at the bud neck and
septum. Wild-type, sac1, slt2 and
sac1slt2 cells were grown to late log
phase in YPD medium and stained with 100
g/ml Calcofluor White. sac1slt2 cells
were cultivated in 1 M sorbitol and then shifted
to medium without osmotic support for 12
hr. slt2 and sac1 cells were incubated at
their restricitve temperatures at 37C or at
14C, respectively, for 5 hr before staining.
Chitin was visualized by fluorescence
microscopy.
findings suggested that sac1 slt2 cells have a severe a storage compartment at the trans-Golgi and the cell
periphery [17, 18]. Importantly, Chs3p and Chs1p are thedefect in cell separation based on aberrant chitin deposi-
tion. Although additional defects in sac1 mutants may first proteins in yeast that follow such a recycling pathway.
Although accessory factors have been identified that arecontribute to the aberrant deposition of chitin, this result
also indicated that Sac1p is involved in controlling chitin required for ER-to-Golgi and for Golgi-to-plasma mem-
brane transport of Chs3p, it was unclear whether forwardbiosynthesis. For proper cell division in yeast, the regu-
lated synthesis of chitin at the bud neck and at the primary transport and exocytosis are additionally regulated by spe-
cific signals [18–20].septum is essential [16]. Biosynthesis and intracellular
transport of the different chitin synthases responsible for
this process are differentially regulated. Expression of Based on the chitin deposition defect in sac1 mutants,
we hypothesized that the Sac1p phosphatase may controlChs2p is tightly controlled during the cell cycle, and this
enzyme is rapidly retrieved from the cell periphery and trafficking of the Chs3p chitin synthase. We therefore
replaced the CHS3 gene in a wild-type and in a sac1degraded in the vacuole [16, 17]. In contrast, Chs3p and
Chs1p are constitutively expressed and cycle between mutant strain with an engineered gene encoding Chs3p-
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Figure 2
In sac1 cells, Chs3p-GFP is missorted into
the vacuole lumen via transport from the
Golgi to the plasma membrane. Details on the
construction of CHS3::GFP can be found in
the Supplementary material. (a) Nomarski
optics and fluorescence localization of
Chs3p-GFP and FM4-64 in wild-type and
sac1 mutant cells. For the staining of late-
endosomal compartments, wild-type cells
were incubated with FM4-64 for 20 min.
sac1 cells were incubated with FM4-64 for
60 min for visualization of the vacuolar
membrane. (b) Nomarski optics and
fluorescence localization of Chs3p-GFP and
FM4-64 in wild-type and sac1 mutant cells
are shown after depolymerization of the actin
cytoskeleton by latrunculin blocked
endocytosis. Cells were incubated with 33
g/ml latrunculin for 20 min prior to the
addition of FM4-64 and were then further
incubated for 20 min. (c) Quantification of
cellular phosphoinositide levels in a wild-type
strain with and without a high-copy plasmid
containing PIK1 and in a sac1 strain.
Relevant strains were incubated with 5 Ci/
ml [14C]inositol for 3–4 doubling times. Lipids
were extracted and deacylated, and the 14C-
labeled glyceroinositol phosphate species were
analyzed by HPLC as detailed in the
Supplementary material.
GFP such that theChs3p-GFP fusionwas the only version neck region (Supplementary figure S1) [17, 18, 20]. Colo-
calization with the vital dye FM4-64, which stains inter-of Chs3p expressed in these cells (see Supplementary
material). These strains were then used for studying the nalized membranes on their way to the vacuole [21], indi-
cated that Chs3p-GFP was absent from late endosomallocalization of the fusion protein by fluorescence micros-
copy. In most wild-type cells, Chs3p-GFP was localized compartments (Figure 2a). In contrast, Chs3p-GFP was
almost entirely localized to the vacuole of sac1 cellsto distinct punctate patches in the cytosol, as reported
before (Figure 2a; [17, 18, 20]). Small- and large-budded independently of their stage in cell division (Figure 2a).
In addition, some fluorescent signal on the plasma mem-cells showed additional localization of Chs3p-GFP to the
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Figure 3
Overexpression of PIK1 causes identical
defects in Chs3p-GFP trafficking as those in
a sac1 mutant. (a) Overexpression of PIK1
in a slt2 strain causes a synthetic growth
defect that can be cured by osmotic
stabilization. Cultures from wild-type and
slt2 strains with or without a high-copy
plasmid containing the PIK1 gene (2PIK1)
were plated on YPD plates and on plates
containing 1 M sorbitol as osmotic stabilizer
in 5-fold serial dilutions starting with a cell
density of 107 cells/ml and were incubated
at 30C for 5 days. (b) Nomarski optics and
fluorescence localization of Chs3p-GFP and
FM4-64 in a wild-type strain expressing PIK1
or STT4 from high-copy plasmids (2PIK1
and 2STT4). The cells were incubated with
FM4-64 for 60 min for visualization of the
vacuolar membrane. (c) Nomarski optics and
fluorescence localization of Chs3p-GFP and
FM4-64 in a wild-type strain expressing PIK1
from a high-copy plasmid (2PIK1) are
shown after depolymerization of the actin
cytoskeleton by latrunculin blocked
endocytosis. Cells were incubated with 33 g/
ml latrunculin for 20 min prior to the addition
of FM4-64 and were then further incubated
for 20 min.
brane could also be observed in these mutants. There 64. Latrunculin treatment almost completely abolished
endocytosis at the plasma membrane, as indicated bywere two plausible explanations for this finding. Either
the absence of the Sac1p phosphatase lead to a direct FM4-64 accumulation at the cell periphery (Figure 2b).
In wild-type cells, the inhibition of endocytosis also leadmissorting of Chs3p-GFP from the Golgi to the vacuole,
or the recycling of Chs3p-GFP from the plasma mem- to an accumulation of Chs3p-GFP at the plasma mem-
brane (Figure 2b). This finding was in line with the previ-brane to the trans-Golgi was impaired and this protein
was targeted to the vacuole via the endocytic pathway. To ous observation that recycling Chs3p to its intracellular
stores requires ongoing endocytosis [17]. Importantly, la-distinguish between these two possibilities, we blocked
endocytosis in sac1 cells by depolymerizing the actin trunculin treatment almost completely abolished vacuolar
localization of Chs3p-GFP in sac1 cells and insteadcytoskeletonwith latrunculin [22].We assessed the extent
of the endocytic block by staining with the vital dye FM4- caused accumulation of the fusion protein at the cell pe-
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riphery, demonstrating that Chs3p-GFP transport to the responsible for generating this signal. Since previous
observations indicated that Pik1p is also required forplasma membrane was a prerequisite for the vacuolar lo-
calization of Chs3p-GFP in sac1 cells. the transport of invertase to the plasma membrane,
PtdIns(4)P may have a more general function in forward
transport from the Golgi [23–25]. The crucial role of theThese findings suggested altered trafficking of Chs3p
Sac1p phosphatase in this regulation mechanism is theafter endocytosis in the absence of Sac1p. We hypothe-
termination of this signal. Thus, our study defines a spe-sized that such a defect could be caused by excessive
cific cellular function of Sac1p as part of a regulatoryforward trafficking, which may cause the escape of a major
circuit in the Golgi that specifies trafficking to the plasmaportion of Chs3p from the recycling pathway and lead to
membrane. Given that Sac1p is able to dephosphorylatemislocalization to the vacuole via the endocytic route.
additional phosphoinositides such as PtdIns(3)P andSince the PtdIns 4-kinase Pik1p was shown to regulate
PtdIns(3,5)P2, it appears likely that this protein also playstransport of invertase from the Golgi to the plasma mem-
important roles in other intracellular transport routes.brane [23–25], we speculated that Pik1p-dependent syn-
thesis of PtdIns(4)P may also trigger forward transport of
Supplementary materialthe Chs3p chitin synthase. Previous observations already
Supplementary material containing additional methods, a table in which
suggested an antagonsitic relationship between Sac1p and strains and plasmids are listed, and a figure that illustrates the expression
Pik1p [23]. Accordingly, the elevated levels of PtdIns(4)P of Chs3p-GFP fusion proteins in wild-type and sac1 cells and includes
additional microscopic pictures can be found with the electronic versionin sac1 cells (Figure 2c) [2, 3, 9] could cause an increase
of this article at http://images.cellpress.com/supmat/supmatin.htm.in the forward transport of Chs3p from its intracellular
stores to the cell periphery. To test whether elevated
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